The isolation and photosynthetic properties of a MU' of Nicotiana sylvestris containing a defective plastid phosphoglucomutase have been described (4, 6, 19 Eventually, the steady-state Am.i. is restored. Typically, the period is 8 min at 25°C and 5 min at 30°C (4). These are an order of magnitude slower than apparently analogous oscillations reported for barley (25, 28), spinach (2, 19, 28) , and the Arabidopsis thaliana MU deficient in plastid phosphoglucomutase (22). The mechanism generating these slow oscillations is, therefore, either different or a simplified case in which one element in a complex oscillating system has become dominant.
The isolation and photosynthetic properties of a MU' of Nicotiana sylvestris containing a defective plastid phosphoglucomutase have been described (4, 6, 19) . The MU is unable to accumulate more than trace amounts of starch (4, 1 1). MU and WT thus provide closely related systems for studying the limitations on net photosynthesis imposed by sucrose synthesis in the former and sucrose plus starch synthesis in the latter. The MU has distinctive properties not exhibited by the WT.
With saturating CO2 and light, and with the 02 concentration low to ensure that photorespiration is negligible, dark to light transitions or disruptions in the CO2 supply induce in the MU, but not the WT, exceptionally slow oscillations in Am.. ' Abbreviations: MU, mutant; WT, wild type; Amax, maximal rate of CO2 assimilation determined with saturating CO2 and light and low [02] ; SPS, sucrose-P synthase; SPS-(H), SPS-(L), and SPS-(LP), high, low, and low-with-phosphate activities measured under specified conditions where high and low refer to Fru-6P + Glu-6P concentrations; ANOVA, analysis of variance.
Eventually, the steady-state Am.i. is restored. Typically, the period is 8 min at 25°C and 5 min at 30°C (4) . These are an order of magnitude slower than apparently analogous oscillations reported for barley (25, 28) , spinach (2, 19, 28) , and the Arabidopsis thaliana MU deficient in plastid phosphoglucomutase (22) . The mechanism generating these slow oscillations is, therefore, either different or a simplified case in which one element in a complex oscillating system has become dominant.
Studies of photochemical and fluorescent yields during the oscillations (19) showed that, in contrast to observations made on spinach (20, 23) , the amplitude of the oscillations in photochemical quenching were small relative to nonphotochemical quenching and that the phase shifts between the several measured parameters were 00 or 1800. The linear relationship between the quantum efficiency of open PSII units and variable fluorescence yield established by steadystate measurements also described the data acquired during oscillations. These results led to the hypothesis (19) that the oscillations are generated in the cytosolic pathway of sucrose synthesis and that chloroplast metabolism increases and decreases in a quasi-steady-state manner as the cytosolic changes are transmitted to the chloroplast by the increase and decrease of released Pi.
The idea that oscillations could be generated in the cytosolic pathway of sucrose synthesis has been considered previously. It was proposed that the negative feedback loop associated with the Fru-2,6-P2 inhibition of Fru-1,6-P2 phosphatase could explain the barley and spinach results (24, 25) . Model building has also pointed to the need for a feedback delay in the cytosolic pathway to produce oscillations in CO2 fixation. It was concluded, however, that the response time of the Fru-2,6-P2 system is too fast (14) , i.e. that the feedback loop simply ensures that the formation of Fru-6-P matches the rate set by a later fluctuating step in the sucrose synthesis pathway. (6) . The F3 MU plants used were derived from starchless F2 plants ofthe third backcross ofMU with maternal WT. Plants to provide leaf discs were grown in the greenhouse as before (4, 19 Co., Yellow Springs, OH). The reaction mixture in a waterjacketed glass cell was stirred by an x-shaped Teflon-coated magnet driven by a variable speed motor. The reaction mixture (1.53 mL; see Fig. 1 ) was composed from the protoplast suspension (0.5 mL), oligomycin solution or blank equivalent (0.03 mL), and photosynthesis mixture (with 400 mm sorbitol) (1.0 mL) previously flushed with N2 so that the initial 02 concentration in the reaction mixture was equivalent to onethird of that for air equilibration. The (7) .
The total radioactivity accumulating in neutral sugars and starch was determined as before (7) . Two sequential enzymic digestions of the starch-containing residues were performed. In each experiment, the second treatment yielded <10% of the 14C radioactivity released in the first treatment. The tracer dilution factor was calculated as the total C from the supplied glyceric acid incorporated into starch plus neutral sugars divided by the C fixed in 1 h as calculated from the measured photosynthetic rates. The mean value was 1080-fold for leaf discs from greenhouse-grown WT (26) . All SPS reaction mixtures contained Mops (Na+), pH 7.5, 50 mM; MgCl2, 15 mM; Na2 EDTA, 1 mM; DTT, 2.5 mM; and UDPGlc, 4 mm (a nonsaturating concentration). The three types of assay performed were differentiated as SPS-(H) with Fru-6-P, 10 mM; SPS-(L) with Fru-6-P, 1 mM; and SPS-(LP) with Fru-6-P, 1 mm, and Pi, 20 mm. The activator Glc-6-P concentrations were 3.3 x the Fru-6-P concentrations. After 20 min, the reaction was terminated by heating at 100°C for 3 min. The UDP released was assayed spectrophotometrically with the aid of pyruvate kinase and lactate dehydrogenase (26) . Preliminary experiments established that UDP formation in the SPS reaction was linear up to and beyond the 20-min standard time used.
RESULTS

Maximal Photosynthesis
In the course of the studies described below, two types of N. sylvestris leaf material were used. Leaf discs from mature leaves of greenhouse-grown plants were used where suitable, but entire small expanding leaves (average 3.5 cm2) were also required. The latter were third and fourth true leaves from plants that had been grown for 20 Table I . The leaf discs from greenhouse-grown plants were the subject of previous extensive comparisons between WT and MU plants at 30°C and also throughout the temperature range 20 to 40°C (4) . Results from the present study are consistent with the earlier investigation. Despite the radical difference between the types of leaves studied, the difference between Amax values for leafdiscs and young leaves for the same genotype were found to be small when the rates were expressed on a dry weight basis to compensate for the thinness of the young leaves (Table I ). The photosynthetic rates for the WT protoplasts are similar to those reported for N. tabacum (16) . Given the abnormal metabolic conditions created by the 430 mm sorbitol medium used to maintain the protoplasts, it is noteworthy that the ratio between the rates for WT and MU is retained. In the present study, D-[3'4C]glyceric acid was supplied at 25°C to leafdiscs and leaves as before, and the 14C distribution between neutral sugars and starch was determined. An additional 2% was assumed to have accumulated in malic acid on the basis of the N. tabacum study. For WT leaf discs from greenhouse-grown plants, the calculated ratio in Amax (no starch/with starch) was 65% (±6), n = 6. This agrees with the observed Amax (MU/WT): 66% (Table I) . Thus, for leaf discs from mature leaves, the limits imposed on starch and sucrose synthesis seem to be independent. Eliminating starch synthesis does not lead to a compensatory increase in sucrose synthesis. For leaves of 20-d WT plants, the calculated ratio was 66% (±5), n = 6. This is more than the 54% found ( Table  I ) and implies that sucrose synthesis in the MU may be 20% suppressed compared to the WT. The suppression appears to be greater for protoplasts. Three analogous experiments indicated that little starch was formed in the WT. The calculated Amax ratio was 87% (±4) as compared with 49% observed (Table I) .
A relative reduction in sucrose synthesis in the leaves of MU 21-d plants could arise from a lower availability of phosphate. In the course of studying SPS activity in extracts of leaf discs (see below), the discs were treated with 0.2 M mannose to sequester part of the available phosphate. Amax was substantially decreased for both the WT and the MU relative to leaves treated with sorbitol at the same molarity (Table II) . (The sorbitol was used [26] to equalize any effect of osmotic stress on metabolism.) The decrease in Ama. was greater for the WT than for the MU so that Am., was essentially the same for mannose-treated MU and WT. The observations on mannose inhibition are in keeping with many other reports that Amax values are sensitive to changes in the supply of available phosphate (22, 23) . The Amax values for the sorbitoltreated discs were similar to values recorded for discs on water at 30°C (in gmol m-2 s-', MU and WT): this study, 15.8 (± 1.5; n = 3) and 29.0 (±3.1; n = 4); previous study (4), 16.2 (±1.2; n = 8) and 28.6 (±2.4; n = 8). The influence of these treatments on starch-sucrose partitioning has not been investigated. It is possible that extra Pi stimulated photosynthesis in both the MU and WT, but the observed differences were not statistically significant.
Results from leaves of 20-d MU plants also resembled the leaf discs and segments from mature MU plants in that under Amax conditions oscillations in CO2 assimilation could be induced. Observations made while determining steady-state Amax values suggested that the period for the 204 leaves was longer than for leaf discs: about 20 min at 25°C (cf 7-13 min, Protoplasts from leaves of 20-d plants; 02 release; n = 5 (see Table ll ).
/mol mg Chl-1 h-1 37 (±11) 18 (±6) 49 
SPS
The conditions recorded in Table II have been used previously to vary the activation of SPS from barley and spinach (8, 26, 27) . The enzyme from these plants can occur in phosphorylated and unphosphorylated forms with very different kinetic properties. Darkness and Pi feeding favored the former "less active" type (a higher apparent Km for Fru-6-P at a fixed UDP-Glc concentration, also Pi inhibited); light exposure and Pi sequestration favored the "active" form (lower Km, Pi insensitive). The apparent Vmax increased on activation for barley but not for spinach (10) . The assays to detect variation partially simulated physiological conditions by using a less than saturating UDP-Glc concentration and a ratio of Glc-6-P (activator) to Fru-6-P (substrate) slightly displaced from the equilibrium value. This approach was adopted in the present study. Preliminary experiments with extracts ofgreenhouse-grown leaves showed that with 4 mM UDP-Glc (much less than the Km) and a Glc-6-P/Fru-6-P ratio of 3.3, saturation was approached with 10 mM Fru-6-P, and the rate was approximately halved with 1 mm Fru-6-P and the same Glc-6-P/Fru-6-P ratio. Assays were carried out with the higher and lower Fru-6-P + Glu-6-P concentrations. The former indicates total activity, and the ratio SPS-(L)/SPS-(H) should be a sensitive indicator of any shift in the Km for Fru-6-P. Table II shows that the listed treatments had little effect, if any, on the total activity and failed to alter significantly the SPS-(L)/SPS-(H) ratio, i.e. the Km was unchanged. The significant decreases in Amax on mannose treatments did not correspond to a decrease in the amount of extractable enzyme, i.e. reducing the available phosphate does not limit photosynthesis by reducing the amount or activity of SPS.
Assays were also carried out with 20 mM Pi added to the SPS-(L) reaction mixture. The high concentration of Pi was adopted when preliminary experiments showed little inhibition with lower concentrations. In contrast, 2.5 mM Pi sufficed to totally inhibit the spinach enzyme (26) . There was no indication that treatments changing phosphate availability had any effect on the SPS-(LP)/SPS-(L) ratio, but modest effects could have been concealed in the general scatter of the results (data not shown). A very moderate but statistically significant effect of the light treatment was observed in the response to added Pi (data not shown). The mean ratios for SPS-(LP)/SPS-(L), WT and MU together, were 78% (±8) for the tissue treated in the dark and 63% (± 15) for that exposed to light, P < 0.01 (one-way ANOVA, two WT and three MU experiments, n = 18).
The finding that SPS from N. sylvestris differs from the enzyme from barley and spinach, in that it is essentially unmodified by changes in phosphate and light treatments and shows little Pi inhibition, is in keeping with the results of a survey of SPS in leaves ofvarious species carried out by Huber et al. (10) . They found that the above characteristics were encountered not only with N. tabacum but also with other species that accumulate high concentrations of starch, such as soybean. The results of the SPS-(LP) assay in this study can be expressed in the units used by these investigators. The mean dark and light rates were 4.8 and 3.9 ,umol sucrose h-2 g fresh weighr'. These rates are in reasonable agreement with the "low UDPG" assay results reported by Huber et al. (10) .
It is difficult to explain the observed Amax values for N. sylvestris or N. tabacum in terms of SPS activity unless relatively high UDP-Glc and Glc-6-P concentrations are assumed. This problem does not arise with the Amax values for Table I ), and then, after 1.5 h, used for SPS measurements. The Fru-6-P and Glu-6-P concentrations were in the SPS(H) assay, 10 and 33 mM; the SPS-(L) assay, 1 and 3.3 mm. UDP-Glc was 4 mm in both. trolled chamber. The leaf discs were placed on water in the dark for 1 h instead of on solutions overnight, and then assayed initially and after light treatments ofvarying duration.
SPS-(H) SPS-(L)/SPS-H)
Changes in the SPS-(H) values were observed, but the results for the SPS-(L)/SPS-(H) and SPS-(LP)/SPS-(L) ratios
were not appreciably different from those reported above (data not shown).
Inhibition of Photosynthesis by Oligomycin
Studies of barley leaf protoplasts and barley leaves have demonstrated that oligomycin, an inhibitor of mitochondrial Leaves from 20-d plants were supplied water through their petioles from the wells of serological plates. After 1.5 h, any wilted leaves were discarded, and from the remainder three sets of 12 were selected. The first set was supplied water (30 min), the second 1% acetone (2 h), and the third oligomycin (20 Ag/mL) in 1% acetone (3.5 h). Leaves of the water set (eight to 10, 30-35 cm2) were placed on water in the photosynthesis chamber, lower surface up, and Ama, was determined after a 1-h equilibration period (see Table I ). This process was repeated for the other two sets. The results for water and acetone did not differ appreciably, and there was no decrease in Amax when 1% acetone was supplied for 3. ATP regeneration by H'-ATPase (18) , can inhibit photosynthesis (1, 12, 13 ). The concentration of oligomycin used in the protoplast experiment was reported to inhibit oxidative phosphorylation by pea leafmitochondria but was insufficient to inhibit photosynthesis by spinach chloroplasts (13) . Petiole feeding to leaves required higher oligomycin concentrations, but measurements of metabolites supported the view that the effect was on the mitochondria (12) . The inhibitory effect of oligomycin on photosynthesis is explained by assuming that the UTP needed to form UDP-Glc is regenerated by the cytosolic ATP derived from the mitochondria and that the physiological UDP-Glc concentrations do not saturate SPS. A reduction in UDP-Glc synthesis, therefore, reduces the synthesis of sucrose-P. Tables III and IV show that oligomycin inhibits photosynthesis by protoplasts from leaves of the N. sylvestris MU and by the leaves themselves. The concentration of oligomycin used with protoplasts was within the concentration-independent range for barley protoplasts. Because the activity of the protoplast preparations were variable and decreased with time, it was not possible to carry out studies of concentration dependence, but the inhibition phenomenon was repeatedly demonstrated in the manner shown in Figure 1 . A similar effect of oligomycin on leaves was obtained with a higher concentration (90 gg/mL) than used in the reported barley experiments. Lesser concentrations (e.g. 5 ,ug/mL) produced a smaller inhibition (data not shown).
Tables III and IV also show that oligomycin supplied in the same concentrations in the same way had no significant effect on photosynthesis by the WT. (10) who divided the properties of SPS into three groups. The enzymes from tobacco and soybean group III), plants that accumulate large amount of starch, differ from SPS from barley (group I) and spinach (group II [9, 10] ). The enzyme extracted from group III plants was essentially unmodulated by phosphate sequestration or the light-dark difference and was not greatly inhibited by Pi. It is, therefore, unlikely that SPS activation-inactivation controls the photosynthetic oscillations observed.
When the first hypothesis was discarded, attention was turned to the possibility that fine tuning of photosynthesis is achieved by regulating the supply of UDP-Glc to SPS. The reports that the mitochondrial inhibitor oligomycin reduced photosynthesis by barley protoplasts (1, 13) suggested that this might be the case, but results for protoplasts alone are suspect because such cells are undoubtedly stressed. Also, the above results with SPS provided a warning that regulation in barley might not be the same as regulation in N. sylvestris. A further report that oligomycin reduces photosynthesis by barley leaf tissue (12) together with the present finding that photosynthesis by both protoplasts and leaf tissue from the N. sylvestris MU is reduced by oligomycin treatments removes these objections. It is probable, therefore, that under Ama. conditions the rate of CO2 assimilation is set, not only by the amount of SPS present but also by the rate at which the mitochondria supply the ATP needed to provide the UTP for UDP-Glc formation. The mitochondria indirectly limit the rate of sucrose-P synthesis. In the MU, as in barley, starch synthesis is unimportant and any changes in the rate of sucrose synthesis should be matched by changes in CO2 assimilation. Any overall reduction in the Pi available for ATP regeneration through mannose feeding (Table II) The finding that oligomycin lowers the steady-state Am,.v for the MU mimics the lowering ofAm. in the downward part of an oscillatory cycle. Under oscillating conditions, however, sucrose synthesis and mitochondrial metabolism must interact so that the mitochondria are a part of the total oscillating system. The transmembrane pH differential generating ATP must respond to the fluctuating ADP and Pi demand in a complex way determined, in part, by the supply of substrates for oxidation by the electron transport chain (1, 18) . The interactions are analogous to those encountered in photosynthetic electron transport in which fluctuations in the thylakoid transmembrane pH differential form part of the oscillating system in barley and spinach (19, 20, 23 
